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ABSTRACT 

Small nuclear and nucleolar RNAs that program 
pre-mRNA splicing and rRNA processing have a sig- 
nature 5' -trimethylguanosine (TMG) cap. Whereas 
the mechanism of TMG synthesis by Tgs1 methyl- 
transferase has been elucidated, we know little 
about whether or how RNP biogenesis, structure 
and function are perturbed when TMG caps are 
missing. Here, we analyzed RNPs isolated by 
tandem-affinity purification from TGS1 and tgs1\ 
yeast strains. The protein and U-RNA contents of 
total SmB-containing RNPs were similar. Finer 
analysis revealed stoichiometric association of the 
nuclear cap-binding protein (CBP) subunits Sto1 
and Cbc2 with otherwise intact Mud1- and Nam8- 
containing U1 snRNPs from tgsIA cells. CBP was 
not comparably enriched in Leal -containing U2 
snRNPs from tgs1\ cells. Moreover, CBP was not 
associated with mature Nop58-containing C/D 
snoRNPs or mature Cbf5- and Gar1 -containing 
H/ACA snoRNPs from tgs1\ cells. The protein com- 
position and association of C/D snoRNPs with the 
small subunit (SSU) processosome were not grossly 
affected by absence of TMG caps, nor was the com- 
position of H/ACA snoRNPs. The cold-sensitive (cs) 
growth defect of tgsIA yeast cells could be sup- 
pressed by mutating the cap-binding pocket of 
Cbc2, suggesting that ectopic CBP binding to the 
exposed U1 m 7 G cap in tgs1\ cells (not lack of 
TMG caps per se) underlies the cs phenotype. 



INTRODUCTION 

2,2,7-trimethylguanosine (TMG) cap structures are char- 
acteristic of the small nuclear (sn) RNAs that program 
mRNA splicing (Ul, U2, U4 and U5). TMG caps are 
also found on telomerase RNA and small nucleolar 
(sno) RNAs. TMG is formed from m 7 G caps by the 
enzyme Tgsl (1), which catalyzes two successive methyl 
transfer reactions from AdoMet to the N2 atom of 
7-methylguanosine (2-7). Unlike m 7 G caps, the TMG 
cap is conspicuously not essential for viability of 
eukaryal cells. A tgsl A mutant of fission yeast 
Schizosaccharomyces pombe grows normally (4). The 
tgsl A mutation of budding yeast Saccharomyces 
cerevisiae causes a growth defect at cold temperatures, 
though tgsl A cells grow as well as TGS1 cells at 34° C 
(1,5). The tgsl A mutants of budding and fission yeast 
lack any detectable TMG caps on their Ul, U2, U4 and 
U5 snRNAs and snoRNAs, as gauged by IP-Northerns 
using anti-TMG antibody (1,4), signifying that there is no 
Tgsl -independent route to generate TMG caps. tgsIA 
yeast cells have apparently normal steady-state levels of 
snRNAs, and they display no aberration in the sedimen- 
tation profiles of their spliceosomal snRNPs (1). The ini- 
tially surprising conclusion that fungi grow in the absence 
of Tgsl suggested there might be backup mechanisms to 
ensure the function of the many essential TMG-capped 
RNAs when the TMG modification is missing. This idea 
was confirmed by synthetic genetic array analysis in 
budding yeast, which revealed that the effects of ablating 
the TMG cap are buffered by spliceosome assembly factors 
that are themselves inessential for vegetative growth (5,8). 
Thus, nature has overlaid redundancy on an ancient 
eukaryal-specific RNA modification (the TMG cap) that 
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participates in a denning step of eukaryal RNA biogenesis 
(spliceosome-catalyzed intron removal). This raises the 
important question: what aspects (if any) of the snRNP 
structure are perturbed when Tgsl and TMG caps are 
absent? 

We address this issue presently by comparing the 
protein and RNA compositions of RNPs purified from 
TGS1 and tgsl A strains of 5. cerevisiae. There is an ex- 
tensive literature concerning the protein content of indi- 
vidual yeast snRNPs and yeast spliceosome assembly 
intermediates (9-15), the protein contents of yeast 
snoRNPs (16,17) and genome-wide proteomic analyses 
of the physical associations underpinning the yeast 
protein 'interactome' (18,19). Our analysis of snRNPs 
and snoRNPs purified from wild-type TGS1 cells verifies 
many known associations and reveals new ones. We find 
that compositions of the splicesosomal snRNPs and box 
C/D and H/ACA snoRNPs are not altered significantly in 
tgsl A cells, with the exception that the yeast nuclear 
cap-binding protein (CBP) gains a specific association 
with the Ul snRNP, as a stoichiometric subunit, likely 
via binding to the residual m 7 G cap of Ul snRNA in 
tgsl A cells. Affinity-purification of CBP confirms its asso- 
ciation with U 1 snRNP and reveals a novel connection to 
snoRNP assembly intermediates. Ectopic CBP binding to 
Ul appears pertinent to the physiology of tgsl A cells, 
because we show that a hypomorphic mutation in the 
cap-binding pocket of CBP can suppress the tgsl A 
cold-sensitive growth defect. 

MATERIALS AND METHODS 

Yeast strains 

Yeast TAP-fusion strains were purchased from Open 
Biosystems. Strains SMB1-TAP (Mate his3Al leu2A0 
metl5A0 ura3A0 SMB1-TAP::HIS3MX6) or NAM8- 
TAP, MUD1-TAP, CBC2-TAP, LEA1-TAP, CBF5-TAP 
and NOP58-TAP were mixed with tgslA cells (Mate 
his3Al leu2A0 metl5A0 ura3A0 tgslAr.natK) and 
diploids were selected on an agar medium lacking histidine 
and containing nourseothricin (100mg/l). Sporulation and 
dissection yielded His + nourseothricin-resistant haploid 
progeny containing the desired TAP-fusion genes and 
the chromosomal tgslA allele. Western blotting of 
whole-cell extracts with anti-TAP antibodies (Open 
Biosystems) confirmed that the respective TAP-tagged 
proteins were expressed. 

Tandem affinity purifications 

Yeast cells (e.g. TGS1 SMB1-TAP and tgsl A SMB1-TAP) 
were grown in YPD medium at 30°C. The culture volumes 
were incrementally increased to keep the cells in logarith- 
mic growth phase to a final volume of 6 1. Cells were har- 
vested by centrifugation at 4°C when A 600 reached 2.0-2.5. 
All subsequent steps were performed at 4°C. Cells were 
washed twice with water and once with the AGK buffer 
(lOmM HEPES-KOH pH 7.9, 1.5mM MgCl 2 , 200mM 
KC1, 10% glycerol and 0.5 mM DTT). The cell pellets 
were then suspended in 16-20 ml AGK buffer; the cell 
suspensions were frozen in drops in liquid nitrogen and 



stored at — 80°C. To prepare whole-cell extracts, the 
frozen pellets were ground with a mortar and pestle in 
liquid nitrogen to a fine powder, which was transferred 
to a beaker. The thawed cell pastes were gently stirred 
for 30 min followed by centrifugation at 18 000rpm for 
30min in a Sorvall SS34 rotor to remove cell debris. The 
supernatants were centrifuged at lOOOOOg for 1 h. The 
extracts (~12ml) were then dialyzed against buffer D 
(20 mM HEPES-KOH, pH 7.9, 0.2 mM EDTA, 50 mM 
KC1, 0.5 mM DTT and 20% glycerol). After mixing with 
an equal volume of 20 mM Tris-HCl, pH 8.0, 150mM 
NaCl and 0.2% NP40, the extracts were added to IgG- 
Sepharose resin (400 ul slurry) that had been equilibrated 
in IPP100 buffer (lOmM Tris-HCl, pH 8.0, 100 mM NaCl 
and 0.1% NP40) and mixed gently for 2h on a nutator. 
The mixtures were poured into columns (Poly-Prep, 
0.8 x 4 cm; BioRad) and the resins were washed thrice 
with 10 ml IPP100 and once with 10 ml TEV cleavage 
buffer (10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1% 
NP40, 0.5 mM EDTA and 1 mM DTT). The columns 
were closed and the IgG-Sepharose resins with bound 
protein were suspended in 1 ml TEV cleavage buffer and 
10 ul of recombinant TEV protease (1.33mg/ml) was 
added. The suspensions were gently mixed for 14-16 h. 
TEV eluates were collected and the resins rinsed with 
lml TEV cleavage buffer. To the TEV eluates (2 ml), 
3 ml of IPP150-CBB buffer (10 mM Tris-HCl, pH 8.0, 
1 50 mM NaCl, 1 mM magnesium acetate, 1 mM imid- 
azole, 2mM CaCl 2 , 0.1% NP40 and 10 mM 
P-mercaptoethanol) and 6 ul of 1 M CaCl 2 were added. 
The TEV eluates were then added to calmodulin- 
Sepharose (300 ul slurry) that had been washed with 
IPP150-CBB buffer. The suspension was gently mixed 
for lh and then the resin was washed thrice with 10 ml 
aliquots of IPP150-CBB buffer and once with lml of 
IPP150-CBB (low NP-40) buffer (10 mM Tris-HCl, 
pH 8.0, 150mM NaCl, 1 mM magnesium acetate, 1 mM 
imidazole, 2mM CaCl 2 , 0.02% NP40 and 10 mM 
P-mercaptoethanol). Proteins bound to the calmodulin 
resin were eluted with 2 ml IPP150-CEB buffer (10 mM 
Tris-HCl, pH 8.0, 150mM NaCl, 1 mM magnesium 
acetate, 1 mM imidazole, 0.02% NP40, 10 mM 
P-mercaptoethanol and 20 mM EGTA). Aliquots of the 
TAP preparations (lml for TGS1 SMB1-TAP, tgsl A 
SMB1-TAP, TGS1 NAM8-TAP, tgslA NAM8-TAP, 
TGS1 MUD1-TAP, tgslA MUD1-TAP, TGS1 CBC2- 
TAP and tgsl A CBC2-TAP; 1.5 ml for TGS1 
LEA 1 -TAP and tgsl A LEA 1 -TAP; and 1.3 ml for TGS1 
CBF5-TAP, tgsl A CBF5-TAP, TGS1 NOP58-TAP and 
tgslA NOP58-TAP) were precipitated with TCA (25%). 
The proteins were resuspended in 0.1 M Tris-HCl (pH 8.0) 
and resolved by SDS-PAGE (8-16% acrylamide gradient 
gels). Polypeptides were visualized by staining the gels 
with Coomassie blue dye. 

Mass spectrometry 

Individual lanes of the stained SDS-polyacrylamide gels 
were sliced horizontally into 10-12 gel segments (of ap- 
proximately 0.7 x 0.3 cm each). In situ trypsin digestion of 
polypeptides in each gel slice was performed as described 
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(20). The tryptic peptides were purified using a 2-ul bed 
volume of Poros 50 R2 (Applied Biosystems, CA, USA) 
reversed-phase beads packed in Eppendorf gel-loading 
tips (21). The purified peptides were diluted to 0.1% 
formic acid and then subjected to nano-liquid chromatog- 
raphy coupled with tandem mass spectrometry (nanoLC- 
MS/MS) analysis as follows. Peptide mixtures (in 20 |a.l) 
were loaded onto a trapping guard column (0.3 x 5 mm 
Acclaim PepMap 100 CI 8 cartridge from LC Packings, 
Sunnyvale, CA, USA) using an Eksigent nano MDLC 
system (Eksigent Technologies, Inc. Dublin, CA, USA) 
at a flow rate of 20 ul/min. After washing, the flow was 
reversed through the guard column and the peptides 
eluted with a 5^15% acetonitrile gradient over 85min at 
a flow rate of 200 nl/min, onto and over a 75-micron x 
15-cm fused silica capillary PepMap 100 CI 8 column 
(LC Packings, Sunnyvale, CA, USA). The eluant was 
directed to a 75-micron (with 10-micron orifice) fused 
silica nano-electrospray needle (New Objective, Woburn, 
MA, USA). The electrospray ionization needle was set at 
1800 V. A linear ion quadrupole trap-Orbitrap hybrid 
analyzer (LTQ-Orbitrap, ThermoFisher, San Jose, CA, 
USA) was operated in automatic, data-dependent MS/ 
MS acquisition mode with one MS full scan (450- 
2000 m/z) in the Orbitrap analyzer at 60000 mass reso- 
lution and up to five concurrent MS/MS scans in the 
LTQ for the five most intense peaks selected from each 
survey scan. Survey scans were acquired in profile mode 
and MS/MS scans were acquired in centroid mode. The 
collision energy was automatically adjusted in accordance 
with the experimental mass (m/z) value of the precursor 
ions selected for MS/MS. Minimum ion intensity of 2000 
counts was required to trigger an MS/MS spectrum; 
dynamic exclusion duration was set at 60 s. 

Initial protein/peptide identifications from the LC-MS/ 
MS data were performed using the Mascot search engine 
(Matrix Science, version 2.3.02) and the Saccharomyces 
Genome Database (SGD, 6,717 sequences; Stanford 
University, CA, USA). The search parameters were as 
follows: (i) one missed cleavage tryptic site was allowed; 
(ii) precursor ion mass tolerance = lOppm; (iii) fragment 
ion mass tolerance = 0.8 Da; and (iv) variable protein 
modifications were allowed for methionine oxidation, cyst- 
eine acrylamide derivatization and protein N-terminal 
acetylation. MudPit scoring was typically applied using 
significance threshold score P<0.01. Decoy database 
search was always activated and, in general, for merged 
LC-MS/MS analysis of a gel lane with P<0.01, false 
discovery rate averaged ~1%. 

Scaffold (Proteome Software Inc., Portland, OR, USA), 
version 3_00_07 was used to further validate and cross- 
tabulate the MS/MS-based peptide and protein identifica- 
tions. Protein and peptide probability was set at 95% with 
a minimum peptide requirement of 1 . We utilized Scaffold 
to investigate proteins that were identified in individual gel 
lanes, as well as data obtained by merging information 
obtained from all the gel slices in a given gel lane. Total 
numbers of assigned spectra in pairs of TAP samples that 
were mass analyzed in back-to-back fashion were utilized 
to comment on the relative amounts of proteins identified 
in the paired samples. 



RNA analysis 

Aliquots (200 ul) of the eluates from calmodulin- 
Sepharose were extracted with phenol-chloroform and 
ethanol precipitated. RNAs were resuspended in TE 
(10 mM Tris-HCl, pH 7.4, ImM EDTA), formamide 
dye was added and nucleic acids were separated on 6% 
polyacrylamide/7 M urea gels in the TBE buffer. RNAs 
were visualized by staining using a silver staining kit 
(BioRad). 

Cbc2 mutants and tests of their function 

CEN LEU2 plasmid pRS415-Cbc2-TAP expressing a 
Cbc2-TAP fusion protein under the transcriptional control 
of the native CBC2 promoter was constructed as follows. 
First, we PCR-amplified a 550-bp segment from yeast 
genomic DNA of the region upstream of the CBC2 
ORF using primers that introduced Notl and BamHl 
sites at the 5' and 3' ends, respectively. Second, we 
PCR amplified the 1.17-kbp Cbc2-TAP ORF using pri- 
mers that introduced BamHI and Xmal restriction sites 
upstream of the start codon and downstream of the stop 
codon, respectively. Third, we PCR-amplified a 390-bp 
segment of genomic DNA 3' of the CBC2 ORF with 
primers that introduced Xmal and Xhol restriction sites 
at the 5' and 3' end, respectively. The upstream, coding 
and downstream DNA segments were inserted sequen- 
tially into the pRS415 plasmid. Mutations Y24A and 
Y49A were introduced into Cbc2-TAP by two-stage 
PCR overlap extension with mutagenic primers. The 
mutated DNA fragments were digested with BamHI and 
Xmal and inserted into pRS415-Cbc2-TAP to replace the 
wild-type CBC2 gene. The inserts in each of the 
pRS415-based plasmids were sequenced completely to 
confirm that no unwanted coding changes were acquired 
during amplification and cloning. To assay the function of 
wild-type and mutated CBC2 alleles, isogenic cbc2A 
and cbc2A tgslA cells (7) were transformed with the 
empty CEN LEU2 vector (pRS415), pRS415-Cbc2-TAP, 
pRS415-Cbc2(Y24A)-TAP or pRS415-Cbc2(Y49A)-TAP. 
The strains were also transformed in parallel with 
pUN100-rG57 (5). Leu + transformants were selected at 
34°C. Cells were grown in liquid culture in SD-Leu 
medium. Serial dilutions of equal numbers of cells were 
spotted on SD-Leu agar; the plates were incubated at 18, 
20, 25, 30, 34 and 37°C. 



RESULTS AND DISCUSSION 

Composition of affinity-purified SmB-containing snRNPs 
from TGS1 and tgslA yeast cells 

The core protein scaffold of the Ul, U2, U4 and U5 
snRNPs consists of a toroidal ring composed of seven 
Sm proteins (Figure 1A) (22-24). To analyze the impact 
of Tgsl ablation on spliceosomal snRNPs, we constructed 
isogenic TGS1 and tgsl A yeast strains bearing chromo- 
somal TAP-tagged SMB1 genes and then used the TAP 
method (12) to isolate SmB-containing complexes from 
soluble whole-cell extracts (25) of TGS1 and tgsl A cells. 
We analyzed in parallel samples of the purified SmB 
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Figure 1. Composition of SmB-containing RNPs from TGS1 and tgsIA cells. (A) Structure of the Sm ring of human Ul snRNP (23). (B) The RNA 
content of SmB-TAP preparations from TGS1 and tgsIA cells was analyzed by denaturing PAGE. The silver-stained gel is shown. The U snRNAs 
are indicated at left. The position of a 79-nt marker analyzed in parallel is denoted by the arrowhead at left. (C) The polypeptide composition of 
SmB-TAP preparations from TGS1 and tgsIA cells was analyzed by SDS-PAGE. The Coomassie blue-stained gel is shown. The individual gel slices 
subjected to in situ proteolysis and LC-MS/MS analysis are demarcated on the left, along with the positions and sizes (kDa) of marker polypeptides 
analyzed in parallel. The identities of the relevant polypeptides in the gel slices are indicated on the right. The Stol polypeptide enriched in the tgsIA 
sample is denoted by the red dot. (D) The numbers of peptide spectra assigned with >95% confidence to the Sm ring subunits and the nuclear CBP 
subunits are tabulated. (See Supplementary Table SI for a fuller account of the MS analysis.). 



complexes isolated from equivalent numbers of TGS1 and 
tgsIA cells. The U RNA contents of deproteinized 
samples were gauged by urea-PAGE and silver staining 
(Figure IB). We observed a typical spliceosomal U 
snRNA profile in the TGS1 SmB-TAP preparation (15), 
in which the U2 (1175-nt), Ul (568-nt), U5L (214-nt), U5S 
(179-nt), U4 (160-nt) and U6 (112-nt) species were most 
prominent and resolved according to their known sizes. 
(The large U2 snRNA yielded a prominent 'negatively 
stained' species during exposure to the silver reagent, the 
intensity of which faded with time as the other U RNAs 
acquired their positive stain; thus, the U2 band is not well 
defined in the image shown in Figure IB.) Although the 
U6 snRNP does not contain SmB, the U6 snRNP is re- 
covered during the TAP procedure by virtue of its associ- 
ation with the U4 and U5 snRNPs. The instructive point 
of the RNA analysis was that the amounts and electro- 
phoretic mobilities of the spliceosomal U snRNAs from 
tgsIA SmB complexes were indistinguishable from the 
TGS1 U snRNAs (Figure IB). We conclude that absence 
of TMG caps did not grossly affect the synthesis of the U 
snRNAs or their assimilation into SmB-containing 
snRNPs. 

The protein contents of the purified SmB complexes 
were resolved by SDS-PAGE and stained with 
Coomassie blue dye (Figure 1C). Here, we see that the 
amounts of protein in each sample were quite similar in 
TGS1 versus tgsIA, as were the overall polypeptide 
profiles. Closer inspection highlighted a ~ 100 kDa poly- 
peptide (denoted by the red dot in Figure 1C) that was 
apparently more abundant in the tgsIA sample. The 



contents of the indicated horizontal slices of the TGS1 
and tgsIA lanes were digested in situ with trypsin and 
the resulting peptides were analyzed by LC-MS/MS and 
correlated to specific peptide fragments identified in the 
S. cerevisiae proteome. The principal polypeptide compo- 
nents of the slices identified by mass spectrometry are 
specified to the right of the gel in Figure 1C. The total 
numbers of peptide spectra assigned to individual yeast 
proteins with >95% confidence were compiled and are 
presented in Figure ID and Supplementary Table SI ac- 
cording to the known functions and physical interactions 
of the proteins. (We omitted from this compilation any 
intrinsic ribosomal proteins, heat-shock proteins and 
protein chaperones.) 

The first key finding was that the SmB contents of the 
TGS1 and tgsIA preparations were nearly identical (346 
and 357 SmB spectra, respectively), signifying that pairwise 
comparison of the spectral counts for other SmB- 
associated proteins provides a simple index of whether 
any are depleted or enriched in the tgsIA. (We operation- 
ally defined a 2-fold difference in the paired samples as the 
criterion of enrichment/depletion of SmB-associated 
proteins for which at least 10 peptide spectra were detected 
in one of the samples.) A second important finding was 
that the peptide counts for the six other yeast Sm ring 
subunits were closely comparable in TGS1 and tgsIA 
(Figure ID). Thus, the absence of TMG caps on the U 
snRNAs apparently did not affect the assembly of the 
seven-subunit yeast Sm complex. 

The defining protein subunits of the individual yeast 
snRNPs were easily identified in the SmB-TAP 
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preparations (most with spectral counts > 100) and, in 
nearly all cases, their abundance did not vary more than 
2-fold in TGS1 versus tgslA cells (Supplementary Table 
SI). This applied to: (i) all 10 specific subunits of the yeast 
Ul snRNP: Prp39, Prp40, Snu71, Snu56, Snpl, Mudl, 
Luc7, Prp42, Nam8 and Yhcl; (ii) the U2-specific 
proteins Leal, Rsel, Hshl55, Hsh49, Cusl and Msll; 
(hi) the major U5-specific proteins Snull4 and Prp8; 
(iv) most constituents of the U4-U5-U6 tri-snRNP and 
(iv) most of the many other yeast splicing factors that 
were associated with SmB-containing complexes 
(Supplementary Table SI). Also, the Lsm2-8 subunits of 
the U6 snRNP were equally abundant in the TGS1 and 
tgslA SmB preparations (Supplementary Table SI), sig- 
nifying that the absence of TMG caps did not adversely 
affect the physical interactions of the U4 and U5 snRNPs 
with the U6 snRNP. 

Two minor components of the U5 snRNP — Aar2 and 
Linl — met the criterion for under- representation in the 
tgslA SmB preparation (Supplementary Table SI). For 
example, whereas 19 Aar2 spectra were present in the 
TGS1 sample, only 5 were detected in tgslA 
(Supplementary Table SI). Aar2 is an essential protein 
that was characterized as a distinctive component of a 
16 S U5 snRNP that included Prp8 and Snull4 and 
copurifed with the Ul snRNP 1; in contrast, Aar2 was 
not found in the U4-U5-U6 tri-snRNP (26). Linl is ines- 
sential. Two proteins associated with the U4-U5-U6 
tri-snRNP were under-represented in the tgslA SmB prep- 
aration: Spp381 and Prp38 (Supplementary Table SI). 
Spp381 and Prp38 interact with each other genetically 
and physically (11,27). Four non-snRNP splicing factors 
were also under- represented by >2-fold in the tgslA SmB 
fraction: Prp21, Cwc2, Bud 13 and Ecm2 (Supplementary 
Table SI). Other proteins involved in RNA transactions 
that were partially depleted from the tgslA SmB fractions 
were the essential RNA helicase Dedl (32 peptide spectra 
in TGS1 versus two spectra in tgslA) and Pbpl (23 versus 
nine peptide spectra). Dedl is implicated in both transla- 
tion initiation and pre-mRNA splicing (28) and was 
identified previously as a constituent of the yeast 
penta-snRNP (14). Pbpl is an inessential protein that 
interacts physically and genetically with poly(A)-binding 
protein Pabl (29). Pabl itself was associated with purified 
SmB, and its levels were comparable in the TGS1 and 
tgslA preparations (61 and 72 spectra, respectively) 
(Supplementary Table SI). 

Three yeast proteins were enriched in the tgslA SmB 
preparation compared to TGS1: Brrl, Stol and Cbc2 
(Supplementary Table SI and Figure ID). Brrl is an in- 
essential protein that facilitates U snRNP biogenesis when 
yeast cells are grown at 16-17°C (30). Only 1 Brrl peptide 
spectrum was identified in the TGS1 SmB sample, but this 
value increased to 12 spectra in the tgslA preparation 
(Supplementary Table SI). The increased Brrl association 
with Sm-containing snRNPs in tgslA cells is noteworthy 
in light of the strong synthetic growth defect of a tgslA 
brrl A double-mutant over a range of temperatures (25- 
37°C) at which the respective single mutants grow 
normally (5). It is possible that Brrl association with 



snRNPs lacking TMG caps helps to buffer the effects of 
their loss. 

Stol and Cbc2 are the large and small subunits of the 
heterodimeric yeast nuclear CBP. Although the cap- 
binding pocket is located within the Cbc2 subunit (called 
CBP20 in mammals), heterodimerization with the large 
Stol subunit (CBP80 in mammals) is required for CBP 
binding to m 7 G caps (31,32). Both CBP subunits were 
associated with SmB-containing snRNPs in TGS1 cells 
(111 and 19 peptide spectra for Stol and Cbc2, respect- 
ively) and their abundance increased 2.5- and 3-fold (to 
253 and 66 spectra, respectively) in the tgslA SmB prep- 
aration (Figure ID). Indeed, the MS analysis indicated 
that the ~100kDa polypeptide seen as increased in abun- 
dance in tgslA SmB by SDS-PAGE (Figure 1C) corres- 
ponded to Stol. 

Our results suggest that the residual 5' m 7 G caps of 
some of the spliceosomal U snRNAs in tgslA cells are 
accessible to binding by nuclear CBP in the context of 
their native snRNPs. We hypothesize that the CBP enrich- 
ment seen in tgslA snRNPs is a direct consequence of a 
change in the snRNA cap structure from TMG to m 7 G, 
rather than CBP being recruited indirectly to tgslA 
Sm-containing snRNPs by other proteins. The CBP 
subunits are known to make many protein-protein inter- 
actions, chief among them being to the karyopherin 
(importin) complex that participates in RNP trafficking 
(33-35). We readily recovered the Kap95 (P subunit) and 
Srpl (a subunit) components of the yeast karyopherin 
heterodimer in the SmB preparation from TGS1 cells 
(110 and 25 peptide spectra, respectively). Because 
Kap95/Srpl levels did not change significantly in the 
tgslA SmB fraction (91 and 31 peptide spectra) 
(Supplementary Table SI), it seemed unlikely that 
karyopherin was responsible for the observed CBP enrich- 
ment. We entertained the thought that enrichment for 
CBP in tgslA SmB complexes could have occurred 
during the preparation of the yeast whole cells extracts, 
via post-facto binding of free soluble CBP to the accessible 
m 7 G caps of the U snRNAs. However, if this was true, we 
might also expect to detect enrichment of the yeast 
cap-binding translation factor Cdc33 (eIF4E) in the 
tgslA SmB fraction. In fact, we detected no 
Cdc33-derived peptides in the SmB samples purified 
from either TGS1 or tgslA extracts. 

Given the initial findings that CBP enrichment is the 
most prominent, and arguably the most interpretable, dif- 
ference in spliceosomal snRNPs in cells that lack TMG 
caps, we proceeded to investigate whether individual 
snRNPs were equally accessible to CBP and to query 
the relevance of CBP enrichment to the cold-sensitive 
growth defect characteristic of S. cerevisiae tgslA 
mutants. These experiments are presented and discussed 
below. 

Comparison of tandem affinity purified Ul snRNPs from 
TGS1 and tgsl\ yeast cells 

The yeast U 1 snRNP is composed of the Sm ring plus ten 
additional Ul -specific protein subunits (9,10). In order to 
examine the effects of the loss of TMG caps on Ul snRNP 
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structure, we separately TAP-tagged two of the Ul 
subunits: Mudl and Nam8. Nam8 is inessential for yeast 
vegetative growth, but is essential for yeast sporulation as 
it promotes splicing of a small set of specific yeast mRN As 
(with non-consensus 5' splice sites or non-consensus 
branch point sequences) that encode proteins required 
for meiotic recombination and cell division (36). Mudl, 
the yeast homolog of mammalian U1A, is also inessential 
for vegetative growth of 5*. cerevisiae (37). Ablation of 
Mudl has no apparent effect on splicing in vitro or 
in vivo when wild-type Ul snRNA is present. However, 
Mudl becomes important when yeast rely on a mutated 
Ul snRNA, leading to the suggestion that Mudl helps 
maintain the Ul snRNP in an active conformation (37). 
Note that namSA and mudl A both display strong synthet- 
ic growth defects with tgslA (5). 

Here, we constructed isogenic TGS1 and tgslA yeast 
strains bearing chromosomal TAP-tagged NAM8 or 
MUD1 genes. The fact that the NAM8-TAP tgslA and 
MUD1-TAP tgslA strains grew as well as their 
NAM8-TAP TGS1 and MUD 1 -TAP TGS1 counterparts 
(data not shown) verified that the TAP-tag did not com- 
promise the function of either of these two Ul subunits. 
We then used the TAP method to isolate Mudl- or 
Nam8-containing complexes from soluble whole-cell 
extracts of TGS1 and tgslA cells. The protein contents 
of the purified complexes were resolved by SDS-PAGE 
and stained with Coomassie blue dye (Figure 2A and B). 
The principal polypeptides of the indicated horizontal 
slices of the TGS1 and tgslA lanes were determined by 
in situ proteolysis and LC-MS/MS and are listed next to 
the Mudl -TAP and Nam8-TAP gels in Figure 2A and B. 
Two themes emerged from the results. First, the polypep- 
tide profiles were similar in TGS1 versus tgslA, except for 
the ~100kDa and ~30kDa polypeptides (denoted by 
dots) that were uniquely enriched in the tgslA prepar- 
ations. These two species correspond to Stol and Cbc2. 
Second, the profiles of the Mudl -TAP and Nam8-TAP 
preparations were nearly identical to each other, except 
for the presence of a major polypeptide in slice 6 in 
Mudl -TAP that was absent in Nam8-TAP and a novel 
polypeptide in slice 4 in Nam-TAP that was absent from 
Mudl -TAP. The novel species corresponded to the tagged 
polypeptide themselves (Mudl* and Nam8* in Figure 2A 
and B) that displayed slower electrophoretic mobility 
because of the residual 5-kDa calmodulin-binding 
domains appended to their C-termini. 

The total numbers of peptide spectra assigned to indi- 
vidual yeast proteins in the Mudl -TAP and Nam8-TAP 
preparations are shown in Figure 2C and Supplementary 
Table S2. The major components in all samples (yielding 
between 100 and 1000 peptide spectra each) were the 10 
known Ul -specific snRNP subunits: Prp39, Prp40, Snu71, 
Snu56, Snpl, Mudl, Luc7, Prp42, Nam8 and Yhcl 
(Figure 2C). The other major constituents were the core 
Sm proteins (Supplementary Table S2). In the Mudl -TAP 
samples, the TGS1 and tgslA preparations yielded 385 
and 455 Mudl spectra, respectively (tgsl A/TGS1 ratio 
of 1.2). In the Nam8-TAP samples, the TGS1 and tgsl A 
preparations yielded 296 and 328 Nam8 spectra, respect- 
ively (tgslA/TGSl ratio of 1.1). Ratio-normalized 
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Figure 2. Composition of affinity-purified Ul snRNPs from TGS1 and 
tgslA cells. The polypeptide compositions of Mudl-TAP (A) and 
Nam8-TAP (B) preparations from TGS1 and tgsl A cells were 
analyzed by SDS-PAGE. The Coomassie blue-stained gels are shown. 
The individual gel slices subjected to proteomics analysis are 
demarcated on the left, along with the positions and sizes (kDa) of 
marker polypeptides analyzed in parallel. The identities of the 
relevant polypeptides in the gel slices are indicated on the right. The 
CBP subunits Stol and Cbc2 that were enriched in the tgsl A sample 
are denoted by black dots. The numbers of peptide spectra assigned to 
the Ul-specific snRNP subunits and the nuclear CBP subunits are 
tabulated in (C). (See Supplementary Table S2 for a fuller account of 
the MS analysis.). 



comparisons of the spectral counts for non-tagged Ul 
snRNP proteins were used to gauge whether any were 
depleted or enriched in the tgsl A preparations (applying 
the same 2-fold difference in the paired samples as the 
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criterion of enrichment/depletion). By this test, the Ul 
snRNPs from tgslA cells were not depleted for any of 
the normal constituents of Ul snRNPs isolated from 
TGS1 cells. Thus, the absence of TMG caps on the Ul 
snRNA did not affect the assembly of the Ul snRNP. 

Nuclear CBP is a stoichiometric component of affinity- 
purified Ul snRNPs from tgslA yeast 

The striking finding was that yeast CBP, which is a minor 
constituent of Ul snRNPs in TGS1 cells, became a 
stoichiometric subunit of Ul snRNPs in tgslA cells 
(Figure 3 A and B). In the tgslA Mud 1 -TAP sample, we 
detected 592 Stol spectra and 118 Cbc2 spectra, compared 
with 99 Stol and 21 Cbc2 spectra in the TGS1 prepar- 
ation, respectively. The tgsl A/TGS1 ratios of 6.0 for 
Stol and 5.6 for Cbc2, when normalized to the Mudl 
counts, represent 5-fold enrichments for nuclear CBP in 
the Mudl affinity-purified tgsl A Ul snRNPs. In the 
tgsl A Nam8-TAP sample, we detected 617 Stol spectra 
and 130 Cbc2 spectra, compared with 43 Stol and 14 
Cbc2 peptides in the TGS1 sample, respectively. Here, 
the tgslA/TGSl ratios of 14.3 for Stol and 9.3 for Cbc2, 
respectively, when normalized to the Nam8 counts, repre- 
sent an order-of-magnitude enrichment for CBP in the 
Nam8 affinity-purified tgsl A Ul snRNPs. We detected 
little or no association of Cdc33 with Ul snRNPs 
purified from the extracts of either TGS1 or tgslA 
cells, arguing against post-facto exposure of the Ul cap 
to all available cellular cap binding proteins. [Low levels 
of translation initiation factor eIF4G were detected in 



the Ul snRNP preparations (Supplementary Table S2), 
consistent with a report that yeast eIF4G is present in 
the nucleus and interacts with the Ul snRNP via the 
Snu71 subunit (38).] Karyopherin subunits Kap95 and 
Srpl were detected in the Ul snRNPs, though their 
levels did not rise in the tgsl A samples that were 
strongly enriched for nuclear CBP. We surmise that the 
5' cap of the Ul snRNP in tgsl A cells is fully accessible 
to, and occupied by, the nuclear CBP. 

These findings and others (38) raise interesting ques- 
tions concerning the sub-stoichiometric association of 
CBP with Ul snRNPs from TGS1 cells. The CBP-U1 
snRNP association was a consistent finding in our Ul 
snRNPs purified by TAP-tagging two different intrinsic 
Ul subunits. Thus, it is unlikely to be either adventitious 
(e.g. a non-specific contaminant of TAP purification; see 
below) or reflective of indirect associations via other 
snRNPs or non-snRNP proteins in the Ul preparations. 
In that respect, we did find that low levels of Prp8- and 
Snul 14-containing U5 snRNPs co-purified with our 
TAP-tagged Ul snRNPs (Supplementary Table S2), 
which is consistent with prior reports (9,10,26). To get a 
sense of the level of U5 snRNP association with purified 
Ul snRNP versus their abundance in the total spliceo- 
somal U snRNP pool, we calculated ratios of the 
U5-specific Snul 14 peptide spectral counts to the 
Ul-specific Prp39 spectra in the TGS1 Mudl-TAP (27/ 
542 = 0.05), Nam8-TAP (15/562 = 0.027) and SmB-TAP 
(507/219 = 2.3) preparations. By this test, we estimated 
that the Ul snRNP was enriched 45- to 85-fold versus 
U5 snRNP during the Mudl and Nam8 affinity 
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Figure 3. Affinity-purification of Leal -containing U2 snRNPs from TGS1 and tgsl A cells. The polypeptide composition of Leal-TAP preparations 
from TGS1 and tgsl A cells was analyzed by SDS-PAGE. The Coomassie blue-stained gel is shown in (A). The individual gel slices of the tgsl A lane 
that were subjected to proteomics analysis are demarcated on the left, along with the positions and sizes (kDa) of marker polypeptides analyzed in 
parallel. The identities of the relevant polypeptides in the tgsl A slices are indicated on the right. The numbers of peptide spectra assigned to specific 
subunits of the U2, U5 and Ul snRNPs, the core Sm complex and the nuclear CBP subunits are tabulated in (B), along with a partial list of spectral 
counts derived from splicing factors. (See Supplementary Table S3 for a fuller account of the MS analysis.). 
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purifications. It is therefore doubtful that the basal TGS1 
and increased tgslA levels of CBP in the Ul snRNP prep- 
arations could be caused by the residual U5 snRNP. There 
were only trace levels of U2-speciflc peptides detectable 
in the Ul snRNP preparations and few or no peptides 
derived from tri-snRNP components or other splicing 
factors (Supplementary Table S2). The LC-MS/MS 
analysis was notable for the presence of substantial 
amounts of poly(A)-binding protein Pabl in each of the 
Ul snRNP preparations, which did not vary significantly 
between paired TGS1 and tgslA samples (Supplementary 
Table S2). 

There are three distinct scenarios to explain the associ- 
ation of CBP with Ul snRNP in TGS1 cells, whereby: 
(i) CBP interacts physically with one or more of the Ul 
proteins, but not with the Ul snRNA TMG cap; (ii) CBP 
binds to the Ul snRNA TMG cap, albeit with lower 
affinity than it would to an m 7 G cap; or (hi) a subpopu- 
lation of Ul snRNPs in wild-type cells that has m 7 G caps 
instead of TMG caps is bound with high affinity by CBP. 
Although prevailing models of pre-mRNA splicing 
invoke a role for CBP in recruiting the Ul snRNP to 
the 5' splice site, this is presumed to entail protein- 
protein interactions between Ul snRNP and a CBP 
heterodimer bound to the m 7 G cap of the pre-mRNA 
substrate (39-43). To our knowledge, there has been 
little consideration given to the possibility of CBP inter- 
action with the Ul snRNA cap, or the prospect that not 
all Ul snRNPs have TMG caps in wild-type cells. The 
favored method to identify and study the spliceosomal 
U RNAs entails the use of anti-TMG antibodies as 
affinity purification reagents. Accordingly, snRNAs or 
snRNPs without hypermethylated caps will be missed or 
underrepresented and there will be a strong bias toward a 
population of snRNAs and snRNP that have antibody- 
accessible 5' caps. Indeed, the exclusion principle teaches 
us that anti-TMG cap-affinity purification will system- 
atically ignore any yeast snRNPs or snRNAs that have 
a cellular protein bound to their cap structures, be it 
CBP or an as yet unknown yeast TMG-specific cap 
receptor. In this light, it is worth underscoring that previ- 
ous proteomics analyses of yeast Ul snRNPs that were 
affinity purified by a two-step procedure — using 
anti-TMG antibodies as the first affinity step and 
Ni-affinity chromatography of His-tagged Snpl as the 
second step — did not result in reported detection of the 
yeast CBP subunits as constituents of the Ul snRNP 
preparation (9,10). 

Affinity purification of Leal-containing U2 snRNPs from 
TGS1 and tgslA yeast cells 

The yeast U2 snRNP subunit Leal (a homolog of meta- 
zoan U2A') has been TAP-tagged and exploited for puri- 
fication of the yeast U2 snRNP and the identification 
of additional U2-specific subunits (13,44). Here, we con- 
structed isogenic TGS1 and tgslA yeast strains bearing 
chromosomal TAP-tagged LEA1 genes. We then used 
the TAP method to isolate Leal -containing complexes 
from soluble whole-cell extracts of TGS1 and tgslA 
cells. The protein contents of the purified complexes 



were resolved by SDS-PAGE and stained with 
Coomassie blue dye, which revealed no gross differences 
between the two samples (Figure 3B). We performed in 
situ proteolysis and LC-MS/MS analysis on the 
Leal -TAP sample from tgslA cells, with special attention 
to the presence and abundance of CBP. The polypeptide 
contents and spectral counts are compiled in 
Supplementary Table S3; selected components are high- 
lighted in Figure 3 A. As expected, Leal was the most 
abundant component (Figure 3B, gel slice 6) with 423 
peptide spectra. The other intrinsic U2 snRNP proteins 
(Rsel, Hshl55, Hsh49, Cusl and Msll) were also prom- 
inent, signifying that U2 snRNP biogenesis was not 
grossly perturbed in the absence of TMG caps (Figure 
3 A). The Leal -TAP preparation resulted in 
co-purification of: (i) intrinsic U5 and U6 proteins, pre- 
sumably as the U4/U5/U6 tri-snRNP; (ii) the 
multi-subunit 'Nineteen complex' of the spliceosome 
(including the eponymous Prpl9 with 102 peptide 
spectra); (hi) a slew of additional splicing factors and 
(iv) relatively low levels of all 10 protein subunits of the 
Ul snRNP (Supplementary Table SI and Figure 3A). The 
CBP subunits Stol (17 spectra) and Cbc2 (one spectrum) 
were not enriched in the affinity-purified U2 snRNP from 
tgslA cells. This is in stark contrast to affinity purified Ul 
snRNPs from tgslA cells, of which CBP is an apparently 
stoichiometric component. [There were no Cdc33(eIF4E) 
spectra detected in the Leal -TAP sample.] We conclude 
that nuclear CBP specifically accesses the 5' m 7 G cap of 
Ul snRNA in tgslA cells, whereas the 5' m 7 G cap of U2 
snRNA (and also of U5) is not bound by the nuclear CBP, 
conceivably because the U2 and U5 caps are not freely 
exposed in the context of the snRNP. 

Affinity purification of box C/D snoRNPs from TGS1 and 
tgslA yeast cells 

The box C/D family of snoRNAs in budding yeast 
includes: (i) the TMG-capped U3 snoRNA essential for 
endonucleolytic processing of pre-18S ribosomal RNA; 
(ii) the non-essential TMG-capped snR4 snRNA, of as 
yet unknown function; and (iii) numerous other 
snoRNAs that direct 2'-0-methylation of ribosomal 
RNA. The yeast C/D snoRNAs are assembled into a 
ribonucleoprotein (RNP) composed of four core polypep- 
tides: Nopl (the 2'-0-methyltransferase subunit, also 
known as fibrillarin), Nop56, Nop58 and Snul3. The 
nuclear rRNA-processing steps occur in the context of a 
pre-ribosomal particle composed of intrinsic ribosomal 
proteins and a multitude of extrinsic ribosome maturation 
factors. The nuclear pre-rRNA cleavages flanking the 18S 
rRNA are guided by base pairing of the 5' external spacer 
to the U3 snoRNA (45). U3 snoRNP has been isolated 
from budding yeast as an even larger ribonucleoprotein 
complex — with dozens of associated proteins (many 
designated Utp, for 'U-Three-Protein 1 ). This complex, 
called the small subunit processosome, is a ribosome 
assembly intermediate (17,46). 

Mouaikel et al. (1) showed that tgslA cells lack TMG 
caps on their U3 snoRNAs. A pertinent question is 
whether lack of TMG caps affects the composition of 
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the U3 snRNP or its association with the SSU 
processosome, and whether the residual m 7 G caps of U3 
snoRNAs (or other capped C/D snoRNAs) in tgslA cells 
are bound by nuclear CBP. To address this issue, we 
made isogenic TGS1 and tgslA yeast strains bearing chro- 
mosomal TAP-tagged NOP58 genes and then tandem 
affinity-purified Nop58-containing complexes from 
soluble whole-cell extracts of TGS1 and tgslA cells. The 
SDS-PAGE analysis revealed similar polypeptide com- 
positions (Figure 4B). Proteolysis and LC-MS/MS 
analysis were performed on the Nop58-TAP sample 
from tgslA cells. Nop58 was the most abundant compo- 
nent (Figure 4B, gel slice 4) with 678 peptide spectra 
(Figure 4A). The box C/D snoRNP core proteins Nop56 
(507 spectra) and Nopl (265 spectra) were copurifed with 
Nop58-TAP, as was the small snoRNP subunit Snul3. 
(The relatively low yield of eight Snul3 peptides was not 
caused by tgslA; analysis of the corresponding gel 
segment from the TGS1 sample yielded only six Snul3 
spectra.) The full complement of proteins comprising the 
yeast SSU processosome was copurified with Nop58-TAP 
(Figure 4). So too were many other nucleolar proteins 
involved in rRNA biogenesis, including constituents 
of the larger 90S pre-ribosome complex (Supplementary 
Table S4). We conclude that neither the composition of 
the U3 snRNP nor its association with the SSU 
processosome is grossly affected in the absence of TMG 
caps. Moreover, we detected no peptide spectra derived 
from CBP subunits Stol or Cbc2 (or from Cdc33) 
in the Nop58-TAP sample from tgslA cells, signifying 
that the residual U3 m 7 G cap was not accessible to 
nuclear CBP. 



Affinity purification of H/ACA snoRNPs from TGS1 
and tgslA yeast cells 

The yeast H/ACA snoRNAs guide site-specific pseudo- 
uridylation of rRNA and snRNA and the nucleolytic pro- 
cessing of 18S rRNA (47). H/ACA snoRNAs assemble 
into a snoRNP composed of four protein subunits: Cbf5 
(pseudouridine synthase), Garl, Nhp2 and NoplO. The 
yeast snR8, snRll, snR31, snR33, snR35 and snR42 
H/ACA snoRNAs are modified by TMG caps in TGS1 
cells, but not in tgslA cells (1). To evaluate whether lack 
of TMG caps affects the composition of H/ACA 
snoRNPs, and if the residual m G caps of H/ACA 
snoRNAs in tgslA cells are bound by nuclear CBP, we 
tandem affinity-purified Cbf5-containing complexes from 
soluble whole-cell extracts of TGS1 and tgslA cells. SDS- 
PAGE analysis revealed similar polypeptide compositions 
(Figure 5A). Proteolysis and LC-MS/MS analysis were 
performed on the Cbf5-TAP sample from TGS1 and 
tgslA cells. Cbf5 was the most abundant component in 
the TGS1 and tgslA preparations (Figure 5A, gel slice 4) 
with 706 and 774 peptide spectra, respectively (Figure 5B). 
The H/ACA snoRNP core proteins Garl (297 and 392 
spectra in TGS1 and tgslA, respectively), Nhp2 (63 and 
107 spectra) and NoplO (8 and 11 spectra) copurifed with 
Cbf5-TAP (Figure 5A and B). Also copurifying with 
TAP-Cbf5 were: (i) the essential H/ACA snoRNP 
assembly factors Shql and Nafl, which bind directly to 
Cbf5; and (ii) the Rvbl-Rvb2 complex that functions with 
Hsp90 in H/ACA RNP assembly (Figure 5B) (47). Thus, 
we conclude that the assembly and composition of core H/ 
ACA snoRNPs were not grossly affected by the absence of 
TMG caps. The Cbf5-TAP purifications also captured a 
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Figure 4. Affinity-purification of Nop58-containing C/D snoRNPs from TGS1 and tgslA cells. The polypeptide composition of Nop58-TAP prep- 
arations from TGS1 and tgslA cells was analyzed by SDS-PAGE. The Coomassie blue-stained gel is shown in (A). The individual gel slices of the 
tgslA lane that were subjected to proteomics analysis are demarcated on the left, along with the positions and sizes (kDa) of marker polypeptides 
analyzed in parallel. The identities of the relevant polypeptides in the tgslA slices are indicated on the right. The numbers of peptide spectra assigned 
to the box C/D snoRNP core subunits and the constituents of the SSU processosome are tabulated in (B). (See Supplementary Table S4 for a fuller 
account of the MS analysis.). 



6724 Nucleic Acids Research, 2011, Vol. 39, No. 15 



170 - 
130 - 



95 - 
72- 





TGS1 


tgsIA 


2 






3 






4 






5 






6 






■J 

8 
9 






10 




- 


11 






12 







Cbf5-TAP 

Urb1, Rrp5, Xrn1, Utp22, Mak21 

Kre33, Tae2, Dbp10, Rpg1, Erb1 

Prp43, Ebs1, Noc2, Pbp1, Nop4, Nop7, KrM 

Cbf5, Dbp3, Shq1, Nop8, Nop58, Nop56, Nop12 

NaTI, Rvb1, Rvb2, Nop13, Nsr1, Pab1, Has1 

Rpl3 

Rpl4, Ygr283, Krr1, Ymr310, Nop1 



Rps4, Rps1, Rpl8, Rpl7, Rps2, Rpl2 

Rps6, RpsO, Rps3, Rps5, Rpl15, Rpl13, Rps8 

Gar1, Rpl10, Rpl1,Rpl16, Rpl19 
Nhp2, Rps7, Rpl17, Rpl20 

Rps18, Rps13, Rpl28, Rps15 
Rps17, Rps16, Rpl25, Rpl32 

Nop10, Rps14, Rpl23, Rpl33, Rpl30, Rpl43 



B 





Proteins 


TGS1 


tgsIA 






(# spectra ) 


(# spectra) 


H/ACA snoRNP core 


Cbf5 


706 


774 




Garl 


297 


392 




Nhp2 


63 


107 




NoplO 


8 


11 


H/ACA RNP assembly 


Nafl 


18 


22 


factors 


Shql 


16 






Rvbl 


16 






Rvb2 


11 


•1 


Nuclear CBP 


Stol 


0 


2 




Cbc2 


0 


0 



Figure 5. Affinity-purification of Cbf5-containing H/ACA snoRNPs 
from TGS1 and tgsIA cells. (A) The polypeptide composition of 
Cbf5-TAP preparations from TGS1 and tgsl A cells was analyzed by 
SDS-PAGE. The Coomassie blue-stained gel is shown. The individual 
gel slices subjected to proteomics analysis are demarcated on the left. 
The identities of the relevant polypeptides are indicated on the right. 
(B) The numbers of peptide spectra assigned to the H/ACA snoRNP 
core subunits, H/ACA RNP assembly factors and the nuclear CBP 
subunits are tabulated. (See Supplementary Table S5 for a fuller 
account of the MS analysis). 



large number of nucleolar proteins implicated in rRNA 
biogenesis (Supplementary Table S5), suggesting that we 
had copurified ribosome assembly and processing inter- 
mediates with which H/ACA snoRNPs were associated. 
Nuclear CBP was not a significant constituent of the 
Cbf5-TAP preparation from tgsIA cells, which yielded 
only two peptide spectra derived from Stol and no 
peptides from Cbc2 (or from Cdc33). In summary, our 
proteomics analysis of bulk and individual snRNPs and 
snoRNPs underscores the specific gain of nuclear CBP as 
a component of the Ul snRNP. 

Affinity purification of yeast nuclear cap binding protein 

Nuclear CBP is implicated in multiple aspects of cellular 
RNA metabolism, including splicing, polyadenylation, 
termination, export and translation. CBP associates with 
the RNA polymerase II transcription elongation complex, 
presumably via binding to the m 7 G cap of nascent 
mRNAs (41). There are many reported physical and 



genetic interactions of the yeast CBP subunits Stol and 
Cbc2 with other yeast proteins involved in RNA metab- 
olism (34,42,48,49). Here we applied the TAP method 
to affinity purify the cap-binding Cbc2 subunit of yeast 
CBP from extracts of TGS1 and tgsIA cells (Figure 6B). 
SDS-PAGE analysis revealed two predominant polypep- 
tides, in gel slices 3 and 8, corresponding to CBP subunits 
Stol and Cbc2, respectively. Consistent with the more 
intense dye staining in the tgsl A lane, LC-MS/MS 
analysis recovered about 2-fold higher levels of Stol and 
Cbc2 peptide spectra in the tgsl A sample (1711 for Stol 
and 635 for Cbc2) than in the TGS1 sample (1170 for 
Stol and 295 for Cbc2). The Kap95/Srpl karyopherin 
heterodimer and the Ul snRNP subunits were the 
most abundant proteins copurifying with nuclear CBP 
(Figure 6A and Supplementary Table S6). RNA analysis 
by denaturing PAGE and silver staining showed that Ul 
snRNA was the predominant species in the Cbc2-TAP 
preparations (Supplementary Figure SI). The U2, U4 
and U6 snRNAs were hardly detectable by silver 
staining and were clearly under-represented in Cbc2- 
TAP, compared to the SmB-TAP preparation analyzed 
in parallel that contained a comparable level of Ul 
snRNA (Supplementary Figure SI). Diagnostic subunits 
of the U5 and U2 snRNPs were detectable in the 
Cbc2-TAP preparations, albeit in lower abundance than 
the Ul snRNP subunits (Figure 6A). It was noteworthy 
that each of the Ul subunits was 2- to 4-fold more 
abundant in the tgsl A sample versus TGS1 (Figure 6A), 
as was the Ul snRNA (Supplementary Figure SI), con- 
sistent with the higher level of input CBP. The same trend 
was seen for the core subunits of the Sm ring (Figure 6A). 
In contrast, the karyopherin signal was the same in the 
paired samples (Figure 6A), suggesting that a higher 
fraction of the CBP pool in tgsl A cells interacts with 
partners other than karyopherin. 

The more complete peptide analysis of the Cbc2-TAP 
samples (exclusive of ribosomal proteins, chaperones, etc.) 
is compiled in Supplementary Table S6. In addition to 
the individual Ul, U5 and U2 snRNP components, we 
recovered peptides derived from 22 known pre-mRNA 
splicing factors. These results presumably reflect the pres- 
ence of CBP bound to the mRNA cap and/or the Ul 
snRNP in the context of pre-mRNA-bound spliceosomes. 
It is in intriguing that splicing factor Swt21 was detected in 
the tgsl A CBP sample (eight peptides), but not in the 
TGS1 sample, in light of the reports that Swt21, which 
is inessential per se, has synthetic lethal interactions with 
both Tgsl and Stol (5,49). 

Cbc2-TAP also recovered many yeast proteins 
implicated in translation, RNA binding, transport and 
turnover (Supplementary Table S6). In general, these 
proteins were of similar abundance in the TGS1 and 
tgsIA samples. The subunits of the Swi/Snf chroma- 
tin remodeling complex were recovered with CBP in 
both samples; this interaction has not been reported 
previously and may be pertinent to recent findings 
that yeast CBP stimulates RNA polymerase II 
pre-initiation complex formation at a subset of yeast 
promoters (50). 
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Figure 6. Affinity-purification of nuclear cap binding protein from TGS1 and tgsIA cells. The polypeptide compositions of Cbc2-TAP preparations 
from TGS1 and tgsIA cells were analyzed by SDS-PAGE. The Coomassie blue-stained gel is shown in (A). The individual gel slices subjected to 
proteomics analysis are demarcated on the left. The identities of the relevant polypeptides in the gel slices are indicated on the right. The CBP 
subunits Stol and Cbc2 are denoted by arrowheads. The numbers of peptide spectra assigned to CBP, karyopherin, Ul, U5 and U2 snRNP 
components, the core Sm complex and H/ACA snoRNP components are tabulated in (B). (See Supplementary Table S6 for a fuller account of 
the MS analysis). 



A possible connection between CBP and H/ACA snoRNP 
biogenesis 

Notwithstanding the 2-fold difference in applied CBP in 
the TGS1 and tgsIA lanes, it was apparent from the 
Coomassie blue-stained polypeptide profile (Figure 6B) 
and the MS analysis (Supplementary Table S6) that the 
tgsIA sample was enriched significantly for multiple poly- 
peptides, many of which are associated with snoRNPs 
and rRNA biogenesis. For example, all four compo- 
nents of the H/ACA snoRNA core were present in the 
Cbc2-TAP preparation from tgsIA cells (Cbf5, Garl, 
Nhp2 and NoplO, yielding 194, 20, 18, and 6 peptide 
spectra, respectively) at 3- to 20-fold higher levels than 
in the TGS1 preparation (Figure 6A). Closer inspection 
revealed that the relative amounts of H/ACA snoRNA 
core subunits recovered with CBP were highly skewed 
toward Cbf5 per se, and against Garl. For example, 
compare the Cbf5/Garl ratio in Cbf5-TAP from tgsIA 
cells (774/392 = 2) to the Cbf5/Garl ratio in Cbc2-TAP 
from tgsIA cells (194/20 = 9.7). Cbf5 was also uniquely 
enriched versus Garl among the core H/ACA subunits in 
Cbc2-TAP from TGS1 cells (where Cbf5, Garl, Nhp2 and 
NoplO, yielded 46, 1, 6 and 0 peptide spectra, respective- 
ly). In contrast, the Cbf5/Nhp2 ratios in the Cbc2-TAP 
samples (46/6 = 8 in TGS1 and 194/18 = 11 in tgsIA) 
were similar to that seen in the Cbf5-TAP preparations 
(706/63 = 11 in TGS1 and 774/107 = 7.2 in tgsIA). 

Another instructive finding was that the Cbf5-binding 
H/ACA snoRNP assembly factor Nafl was also enriched 



in the Cbc2-TAP preparations [37 and 90 peptide spectra 
in the TGS1 and tgsIA samples, with Cbf5/Nafl ratios of 
1.2 and 2.2, respectively (Figure 6A)] compared to Nafl's 
lower abundance in relation to Cbf5 in the TGS1 and 
tgsIA Cbf5-TAP preparations [Cbf5/Nafl ratios of 39 
and 35, respectively (Figure 5B)]. No peptides derived 
from the H/ACA assembly factor Shql were detected in 
the Cbc2-TAP samples. Collectively, our proteomics 
results indicate that yeast CBP is associated with a H/ 
ACA snoRNP assembly intermediate that includes Cbf5, 
Nafl and Nhp2, but not Garl (47). That we detect the 
association of CBP with a putative Cbf5 assembly inter- 
mediate in TGS1 and tgsIA cells (and to a greater degree 
when TMG caps are lacking) — combined with the fact 
that CBP is virtually absent from the affinity-purified 
Cbf5 preparation (Supplementary Table S5) that we pre- 
sume consists predominantly of mature H/ACA 
snoRNPs — argues that the CBP-associated Cbf5-Nafl- 
Nhp2 complex captures the snoRNP assembly pathway 
at a step prior to TMG-capping of the yeast H/ACA 
snoRNAs. Our results resonate with those of Fortes 
et al. (42), who identified mutants alleles of CBF5 as 
synthetic lethal in an otherwise viable stol A cbc2A strain. 

CBP and box C/D snoRNPs 

The Nopl, Nop56 and Nop58 subunits of yeast C/D 
snoRNAs were present in the tgsIA Cbc2-TAP prepar- 
ation (yielding 17, 20 and 34 peptide spectra, respectively), 
but either missing or less abundant in the TGS1 
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Cbc2-TAP sample (where we detected 0, 0 and 5 spectra, 
respectively) (Supplementary Table S6). It was notable 
than not a single 'Utp' component of the U3 
snoRNP-containing SSU processosome was identified in 
the Cbc2-TAP samples; this being in stark contrast to the 
Nop58-TAP preparations, where the SSU processosome is 
abundant (Figure 4). These results signify that mature, 
functional U3 snoRNPs are not associated with CBP. 
Given that CBP was not detectable in affinity purified 
'mature 1 Nop58-containing C/D snoRNPs, we speculate 
that CBP interacts transiently with a C/D snoRNP 
assembly intermediate. Here again, our results underscore 
the findings of Fortes et al. (42), who identified mutant 
alleles of NOP58 as synthetic lethal in a stolA cbc2A 
strain and showed that stolA and cbc2A mutants 
accumulated rRNA processing intermediates indicative 
of a defect in the endonucleolytic steps of 18S rRNA 
biogenesis. 



Is CBP relevant to the tgsl\ phenotype? 

Saccharomyces cerevisiae tgslA cells fail to grow at low 
temperatures (18-20°C). In light of the proteomics study 
discussed above, we considered the idea that gain of 
binding of yeast nuclear CBP to the 5' m 7 G cap of Ul 
snRNA in tgslA cells might account for, or contribute to, 
the cold sensitive phenotype of tgslA cells. If this model is 
correct, then we reasoned that a hypomorphic mutation in 
the Cbc2 subunit that weakens cap binding, without 
grossly compromising the CBP function, might rescue 
the tgslA cold sensitivity. Structural and functional 
studies of human CBP clearly demarcated the cap-binding 
site within the CBP20(Cbc2) subunit, while affirming that 
heterodimerization with CBP80(Stol) is essential for the 
cap binding activity (31,32). The m 7 G nucleoside of the 
cap is sandwiched in a n stack between two conserved 
tyrosines: Tyr20 and Tyr43 in human CBP20, correspond- 
ing to Tyr24 and Tyr49 in yeast Cbc2 (Figure 7A), 
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respectively. Mutations Y20A and Y43A in human 
CBP20 diminished affinity of the CBC complex for 
capped RNA and m 7 GTP ligands, with Y43A having a 
greater impact than Y20A (31,51). 

Here, we introduced the corresponding Y24A and Y49A 
mutations into a plasmid-borne yeast CBC2 gene under 
the control of its native promoter and then tested their 
activity in vivo in a cbc2A yeast strain in parallel with a 
wild-type CBC2 plasmid and an empty CEN vector. The 
cbc2A cells grew well on YPD agar at 34°, but were slow 
growing at 25, 30 and 37°, as gauged by the colony size. 
cbc2A cells failed to grow at 18 and 20° (Figure 7B). 
Normal growth was restored at all temperatures after 
transformation of cbc2A with the wild-type CBC2 
plasmid, but not with a plasmid bearing an extra copy 
of TGS1 (Figure 7B). The instructive findings were that: 
(i) Y24A supported growth at all temperatures, as well as 
wild-type CBC2; (ii) Y49A was hypomorphic in vivo, i.e. 
the cbc2-Y49A allele rescued the slow growth of cbc2A at 
30 and 37°, complemented partially at 25°, but did not 
support growth at 18 or 20° (Figure 7B). Thus, Y24A 
emerged as a candidate worth testing for its genetic inter- 
action with tgslA at cold temperatures. 

CBP2-Y24A suppresses the tgsl A cold-sensitive phenotype 

Genetic interactions between Tgsl and Cbc2 were tested 
by plasmid complementation in a tgsl A cbc2A double- 
mutant. The tgsl A cbc2A cells {vector in Figure 7C) dis- 
played the same cs lethality at 1 8-20° seen with the cbc2A 
single mutant (TGS1 in Figure 7C) (7) and the tgsl A 
single mutant (CBC2 in Figure 7C). The cbc2-Y49A 
allele conferred no growth improvement on tgsl A cbc2A 
cells at 18 and 20°, as expected. The striking finding was 
that the active CBC2-Y24A allele completely suppressed 
the cold-sensitive growth defect caused by tgsl A (compare 
wild-type CBC2 and CBC2-Y24A at 18 and 20°C in 
Figure 7C). 

We infer that the cs phenotype of tgsl A is not caused by 
the lack of TMG caps per se, but rather by the tight 
ectopic association, at low temperatures, of nuclear CBP 
with the m 7 G cap of a normally TMG-capped RNA (with 
Ul snRNA being the likely culprit). It remains to be 
determined why this association is deleterious, but we 
can safely surmise from the data here that an association 
of CBP with Ul does not significantly affect the compos- 
ition of the Ul snRNP. An intriguing prospect is that CBP 
binding to the Ul cap in tgsl A cells mislocalizes the Ul 
snRNP within the nucleus (1). We queried whether 
an increased dosage of the Ul snRNA gene (SNR19) 
could alleviate the tgsl A cs phenotype, but found that 
this was not the case, either when the Ul gene alone was 
introduced into tgsl A cells on a 2 li plasmid, or when then 
Ul and U2 snRNA genes (SNR19 and SNR20) were 
introduced together on a 2\i plasmid (Supplementary 
Figure S2). 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 
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